The field of bacterial source tracking (BST) has been rapidly evolving to meet the demands of water pollution analysis, specifically the contamination of waterways and drinking water reservoirs by point source and nonpoint source pollution. The goal of the current study was to create a BST library based on carbon-utilization patterns (CUP) for predicting sources of E. coli in a watershed, to compare this library to an antibiotic-resistance analysis (ARA) library previously published for the same isolates, and to determine the efficacy of using a composite dataset which combines data from both datasets into a single library for predicting the source of unknown isolates. This was accomplished by generating a CUP dataset and a composite ARA-CUP dataset for the E. coli isolates from known fecal sources within a watershed. These libraries were then used to predict the sources of E. coli isolates collected from 13 water sites in the same watershed and compared in regard to predictive accuracy. The dominant sources of E. coli in the South Bosque watershed were cattle as identified by all three methods. The 6-source composite library had higher average rates of correct classification (96.7%), specificity (99.2%), positivepredictive value (99.1%), and negative-predictive value (96.8%) than either the ARA or CUP 6 source libraries (ARCC 80.1% and 86.7% respectively). The current study is the first field study to compare two phenotypic methods, Antibiotic Resistance Analysis (ARA) and Carbon Utilization Profiling (CUP). This study is also the first to combine both of these methods to create a composite "toolbox" type approach.
INTRODUCTION
Contamination of waterways and drinking water reservoirs by point source and nonpoint source pollution is a major environmental problem which is most often caused by fecal contamination from agricultural sources. Fecal contamination increases nutrient, sodium, and phosphorous levels which can lead to lake eutrophication, algal blooms, and taste and odor problems in drinking water. Elevated levels of bacteria, viruses, and protozoa in the contaminated streams and waterways are often associated with increased rates of illness and disease in the surrounding communities which use the waterways for recreation or as a drinking water source. Levels of fecal contamination in water are quantified by measuring the number of indicator pathogens such as Escherichia coli or enterococci in water samples.
However, even though these methods are useful in determining which waterbodies exceed safety limits set by the Environmental Protection Agency (EPA) for either recreational or drinking water use, they do not give an indication of the source of the contamination.
Bacterial source tracking is the scientific field that has emerged to address the issue of identifying sources of fecal contamination in water. Bacterial source tracking (BST) is doi: 10.2166/wh.2008.021 discriminant analysis (DA), jackknife analysis (JA), cluster analysis). This classification rule is then used to predict the sources of indicator bacteria from unknown sources into the nearest source category in the library (Wiggins 1996; Wiggins et al. 1999) . Then the predictive accuracy and representativeness of the library must be tested. BST libraries are often initially compared based on their Average Rates of Correct Classification (ARCCs), which is the average of the rates of correct classification (RCC) for all source categories included in the library. The ARCC is generated when the library isolates are self-crossed as both the calibration data set and test data set. ARCC values are not a complete measure of the predictiveness of a library because the validity of these values is affected by the size of the library and the representative diversity of the isolates included in the library (Harwood et al. 2000; Wiggins et al. 2003) . (Whitlock et al. 2002; Harwood et al. 2003; USEPA 2005) . Finally, pulled-isolate (jackknife) and pulled-sample analysis have been demonstrated as important measures of potential bias in libraries as well (Harwood et al. 2000; Wiggins et al. 2003) .
ARA is perhaps the best-analyzed BST method which uses multiple concentrations of antibiotics to compare isolates. Isolates from different source groups have unique antibiotic-resistance patterns which can be used to group them together or match isolates from unknown sources to the library. It has been used in a number of geographical areas in the United States and has potential for supporting the development of Total Maximum Daily Load (TMDL) values for waterbodies. BST using ARA was first proposed by Wiggins (1996) , and a later study by Wiggins et al. (2003) indicated that ARA libraries could be combined and successfully used to classify water isolates into source categories. This has produced ARCC values of 37-91% in a number of studies depending on the number of categories used for classification (the ARCC value decreased with increasing number of categories) (Wiggins et al. 1999) . This method was recently used by Moussa & Massengale to predict the sources of E. coli in a Texas watershed and produced ARCC values ranging from 74-85% depending on the statistical method used for analysis (Moussa & Massengale (In Press) ).
Another BST approach using the CUP method was recently introduced by Hagedorn et al. (2003) with more consistent and higher ARCC values overall than ARA. The CUP method uses the Biolog Microlog II Microbial Identification System and Biolog GN2 microplates which are coated with 95 unique carbon sources coupled to a tetrazolium dye. This system allows the simultaneous identification of an isolate and generation of data for library comparison. Hagedorn et al. (2003) demonstrated that bacterial isolates from the same source categories have similar characteristics which allow them to be grouped together based on carbon-source utilization. DA indicated that 30 of the 95 carbon sources contributed to the differences between groups, and these were used to compare library and water isolates for prediction of the source of the water isolates . The results from his study were promising, with ARCC values at 92.7% for a human vs. nonhuman comparison and ARCC values ranging from 65% to 85% for an analysis of eight sources. Additionally, he found that as the number of animal categories being compared increased, the ARCC decreased .
Several studies have been conducted recently which compare various BST methods Myoda et al. 2003; Carson et al. 2003) . These studies have suggested that each BST method has its benefits and limitations and that the creation of libraries based on combined methods could possibly increase the predictive potential and accuracy of library-based BST. However, only one published study to date has actually tested such a "toolbox" approach. Genthner et al. (2005) used a composite dataset of ARA data and repPCR fingerprints to sourcetrack enterococci in the shoreline marine waters on Pensacola Beach, Florida. This study suggested that use of the composite ARA-repPCR dataset compared to the ARA dataset alone improved the confidence and predictive accuracy of the library and source predictions. However, the conclusions of this study were limited by the use of a very small library (less than 300) in the analysis (Genthner et al. 2005) .
The goal of the current study was to create a CUP dataset for a collection of known-source E. coli isolates, to compare this dataset to an ARA dataset previously published for the same isolates, and to determine the efficacy of using a composite dataset which combines data from both datasets into a single library for predicting the source of unknown isolates. This was accomplished by generating a CUP dataset and a composite ARA-CUP dataset for the E. coli isolates from known fecal sources within a watershed. These libraries were then used to predict the sources of E. coli isolates collected from 13 water sites in the same watershed and compared in regard to predictive accuracy. The current study is the first field study to compare two phenotypic methods, Antibiotic
Resistance Analysis (ARA) and Carbon Utilization Profiling (CUP). This study is also the first to combine both of these methods to create a composite "toolbox" type approach.
MATERIALS AND METHODS
Fecal sample collection, water sample collection, and isolation of E. coli
The bacterial isolates used in the current study were collected and identified as part of a recent ARA study as previously described (Moussa & Massengale (In Press) ).
These isolates had been stored at 2 808C in 10% glycerol between studies; and for the current study, the individual cultures were thawed, streaked onto tryptic soy agar (TSA) plates, and incubated at 378C for 24 hours. and these same isolates were analyzed by CUP in the current study. Additionally, 276 E. coli water isolates collected from the South Bosque watershed were analyzed by CUP in the current study as described for the previous ARA study (Moussa & Massengale (In Press) (Holmes et al. 1994 ; Biolog, Hayward, CA). Each cultivated isolate was then transferred to Biolog GN/GP inoculation fluid at 61%^2% turbidity and used to inoculate a Biolog GN2 microplate (150 ml/well). These plates were incubated at 358C for 16 -24 hours and the resulting color change and turbidity was measured using a plate reader. Each well of the GN2 plate is coated with a carbon source coupled to a tetrazolium dye. When the carbon source is utilized by the bacteria, it oxidizes the dye and causes a purple color change in the well.
Statistical analysis
Three library datasets were used in the current study: 1) ARA dataset from Moussa and Massengale (In Press), 2) CUP dataset for the same E. coli isolates generated in the current study, and 3) a composite dataset that combined the ARA data from the previous study and the CUP data from the current study. Data were analyzed using both SAS JMP software (SAS Institute, Cary, NC) and BioNumerics soft- For example, if the exact animal source which is contributing bacteria to a waterbody needs to be identified then a 6-way classification (or even more categories) would be appropriate. A 2-way classification would be appropriate when the exact animal does not need to be identified; rather the investigator only needs to know whether bacteria were contributed by humans or nonhumans. The DA results including the RCC and ARCC values were compared for the three libraries (ARA, CUP, and ARA þ CUP). The group distances generated by DA were then compared by ANOVA (analysis of variance) to determine the significance of the distances between groups. When group variances were not equal, the Welch ANOVA was used for comparison (Welch 1951; Brown & Forsythe 1974) .
Stepwise discriminant analyses in SAS JMP were performed to identify the carbon sources which contributed to the distance between groups. Then discriminant analyses were run on this subset of carbon-source data to construct and the resulting classification frequency tables were used to generate Rates of Correct Classification (RCC) and Average Rate of Correct Classification (ARCC) values . The multivariate analysis of variance (MANOVA) function was utilized in order to create a graphical representation of where each isolate was graphed in Cartesian space based on the largest elements of discrimination in the comparison (Dombek et al. 2000) .
The Average Frequency of Misclassification (AFM) was calculated for each library by first calculating the False Positive (FP) frequency for each category within the library which is the number of isolates incorrectly classified into a source divided by the number of isolates in the library which are not from that source . Then this value is averaged and multiplied by 100 to generate the AFM which is expressed as a percent.
Cluster analysis in BioNumerics was used to create a dendrogram characterizing the similarity of the isolates to each other. A Jaccard similarity coefficient was used to analyze the ARA data due to their binomial nature while a
Pearson correlation was used to analyze the continuous CUP and Toolbox Approach data (Ritter et al. 2003) . JA was subsequently used in order to determine how well the similarity values were able to predict the bacterial isolate source group. This was done by first manually assigning the bacterial isolates to their correct source group. This method takes out one bacterial isolate fingerprint and compares it to the other fingerprints in order to identify it as originating from a particular animal source. Maximum similarities were used with ties split evenly among the groups in the comparison (Ritter et al. 2003) .
Bootstrap analysis in BioNumerics was also used in order to identify any isolates that may be clones of each other (Ritter et al. 2003) . This analysis removed thirty isolates at random and recalculated similarity values. One thousand iterations were selected, meaning that 1000 groups of 30 isolates would be removed at random and a similarity dendrogram generated for each. Contingency table analysis in SAS JMP was used to compare the RCC of the three methods to each other (ARA, CUP, Toolbox). agar and inoculated into a Biolog GN2 plate which was incubated and read with the Biolog plate reader according to the manufacturer's protocol. The data were analyzed using a stepwise DA, and carbon sources which did not contribute to the differences among the animal groups were removed from comparison. This analysis revealed that there were 77 carbon wells which contributed to the differences among the animal groups (Table 2 ). These 77 wells were the only ones used for all analyses involving the CUP method and Toolbox method. (Table 6 ). Horse isolates were the least prevalent in the South Bosque watershed with 3.7% of the isolates identifying as horse.
The classification of E. coli water isolates using each library (ARA, CUP, and Toolbox) was compared (Figure 1 ). as beef, by the total number of isolates, excluding beef.
Moussa and Massengale (In Press
The AFM for the Toolbox library was lower than that of the Table 7) . TP is the percentage of isolates which were identified as originating from a certain animal category when they truly were from that group. This corresponds to the ARCC for each library and is functionally the sensitivity of the library to predicting isolate sources. The PPV is the percentage that isolates that were true-positive are correctly classified as such. The FP is the The ARCC for the 6-way classification in the current study was higher than the ARCC of 75.9% from the 8-way classification in the Hagedorn study . In contrast, the ARCC of the 2-way comparison in the current CUP analysis was slightly lower than the twoway ARCC of 92.7% from Hagedorn's study. These differences may be due to a variety of factors including 1) differences in the carbon sources included for analysis, 2) differences in the number of carbon sources utilized, and 3) difference in target organisms (enterococci in the Hagedorn study vs. E. coli in the current study).
The ARA library generated previously and the CUP and composite Toolbox Library from the current study can all be compared in regard to library accuracy and representativeness. The ARCC values of the 6-way JA, in addition to DA, was also used to determine how well the library classified isolates from different animal sources. ARCC values produced by the Jackknife analyses (maximum similarities, spread ties equally) were consistently less than those produced by DA. DA may have outperformed the JA on constructing the known library since source patterns, as found in an MDS plot, had central tendencies, revealing that a statistical method based on averages such as DA was more appropriate for phenotypic methods, as previously suggested by Ritter et al. (2003) .
However, JA is useful because it allows library crossvalidation while removing each isolate from the library before comparison.
E. coli isolates from water were also analyzed using the ARA, CUP, and Toolbox Approach to determine the effectiveness of these libraries in estimating E. coli sources.
All 
